Daily life is surrounded by the use of optoelectronics in order to provide illumination for the most basic of routines.
Introduction
The omnipresence of optoelectronics in daily life makes research into improving the device efficiency and performance very important. Optoelectronics include essentially any device that works to produce light, for example in military, medical, or commercial application. Common types of optoelectronic devices include photodiodes, solar cells, light emitting diodes (LEDs), optical fibers, and more. Planar LEDs are traditionally comprised of at least 3 functional layers, namely a p-doped layer, an active layer, and n-doped layer, as well as additional wells, barriers, and layers to the active region [1] . This layered structure allows the LED structures to be manipulated into whatever shape is desired, for example pillars or hexagonal or pyramidal with whatever base width and height is decided.
Processing Methods to Enhance Performance
In order to improve upon device performance, many methods have been conducted and most of them include etching and lithography. These methods work to manipulate the nanopillar layers of the device in order to reduce defects and increase photon ejection. Semiconductor etching can take form in a variety of ways, a popular one being inductively coupled plasma (ICP) etching. Nanosphere lithography is another method that fabricates homogenous nanoparticle arrays with pillars of different sizes, combining both top-down and bottom-up approaches by including [6] . These methods were tested in attempt to reduce nanopillar damage, which works to enhance device performance. Results showed the following: nanopillars etched under specific optimal conditions demonstrated higher photoluminescent intensity, passivated nanopillars demonstrated reduced leakage current as well as increased electroluminescence, and sulfur passivation was stable but examined more using transmission electron microscopy.
Inclusion of other Materials to Enhance Performance
The use of nitride-based semiconductors seems traditional and effective, to some degree. But, many methods have been assessing the inclusion of different materials integrated into the nitride device to optimize device performance.
Often this is via the inclusion of nanoparticles into the nanopillar diode array. For example, Ou et al. examined the inclusion of SiO 2 and Au nanoparticles [7] . Often, planar reference LEDs suffer from significant QCSE, reducing the light extraction efficiency (LEE). The fabrication of this LED deposited a layer of SiO 2 atop the planar surface and then used rapid thermal processing to form Au nanoparticles in the film laid. From here the nanopillar array was transferred using these particles and forming pillar heights of 580 nm. They demonstrated considerable enhancement by a factor of 4.08 and a blue shift in photoluminescent emissions, most likely due to the quantum well relaxation.
This allows for greater scattering of photons as well as increased escaping of the light as the hindering piezoelectric field is released and the overlap of electrons and holes is enhanced [8] . In addition, the blue shift of emission peak signifies a shift to shorter wavelength and greater strain relaxation. Another method by Guo et al. tested the inclusion of molybdenum disulfide in the plastic substrates of inverted organic LEDs (IOLEDs) in order to improve the original challenges of poor electron injection and instability [9] .
They demonstrated a high quantum efficiency of 7.3% at a luminescence of 9141 cd m -2 , which is a significantly improved value (see Figure 1 ). In addition, the MoS 2 -based LED developed a 1.8-fold increase in power efficiency, a significant luminescence increase from 100 to 5000 cd m -2 , and stability in the maintenance of high brightness for 500 cycles. These results may be due to the decreased Fermi level, allowing for greater electron injection, as well as increased dipole-dipole interactions at the surface interface allowing for greater current density. Silicon is also another element often included in the devices in an attempt to increase performance due to its ability to enhance near-field enhancement and better photon emission, thus improving light extraction. Ding et al. included silicon in white LEDs in an attempt to improve light conversion and efficiency [10] . They studied the guided mode from the array of Si nanoparticles integrated into the silica substrate of the device and covered by polymer layer.
The Si nanopillar array allowed incoming light to couple to the guided modes in the polymer layer when the wave vectors were matched, causing improved scattering and electric field enhancement (see Figure 2 ). Figure 3 . In addition, the strain relaxation by the nanopillars also contributes to providing a blue shift in PL (441 to 447 nm) and increase in intensity due to stronger overlap of electron and hole waveforms in the quantum wells. Reproduced with permission from [11] . Copyright 2014, OSA. 2019; 1 (2) : 037-043 DOI: 10.26502/jnr.2688-8521003
Another group to test the integration of silicon via nanopillars in LEDs is
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Another group, Wei et al., tested the inclusion of CsCl nanoislands in III-nitride wide bandgap LEDs in order to study the improvement of photon ejection and light scattering [12] . The new method uses roughening of the surface of the LED using integrated CsCl nanoislands as an etch mask for hemispherical nanostructures. Results displayed this technique as a low-cost and effective alternative to increase extraction efficiency by about 70% at 350 mA injection current. In addition, increasing the size of the CsCl nanoislands elevated results even more, by increasing extraction efficiency to as much as 77.9% for a 650 nm island. Finally, the roughened LED red shift displayed the decrease of compressive strain in the quantum wells, also leading to improved performance.
Various Types of LEDs
In addition, some groups researched the use of various types of LEDs, rather than the type of material added. Reproduced with permission from [14] . Copyright 2017, RSC. 
Variation of Fabrication Processes
Another way to improve LED performance is to optimize the fabrication processes of the devices. Many research groups used methods of metal-organic vapor phase epitaxy (MOVPE), also known as metal organic chemical vapor deposition (MOCVD), to create the LED structures. MOVPE is a growth technique where molecular gases interact on a heated substrate base in order to produce a semiconductor layer on top, producing a direct band gap. The experimental device was able to operate as an LED under the condition that the diameter of the nanopillars was about 1000 nm with a separation distance of less than 1000 nm between pillars [15] . These optimal conditions demonstrated emittance of high energy blue light, showing promising results for future work. In addition, another group attempted the fabrication of blue GaN-based LEDs with coating procedures to form white LEDs. The process used MOCVD to grow GaN layers on sapphire substrates on the device. From here, a series of techniques were used for the microfabrication, including mesa etching, metal deposition, lift-off, and annealing [16] . Resulting intensity measurements for the blue LEDs was as high as 80 mcd. Coating procedures included the use of phosphor epoxy solution atop the blue chips, producing white LED lamps. This resulting intensity of the white LEDs was as high as 40 lm W -1 at 20 mA current. These efforts demonstrate MOVPE/MOCVD as an effective fabrication process for the enhancement of LED devices.
Conclusion
The study of increasing efficiency of LED performance is paramount due to the wide range of pervasive applications that such devices have in daily life. Numerous studies have shown ways to improve performance, but comparisons among them will demonstrate which is the best for the commercial use and energy conservation. Some work by releasing quantum well strain and QCSE, some aim to increase interactions between layers in order to promote electron ejection, and many use a combination of various techniques. Among the most successful seem to be the inclusion of nanoparticles and the use of ICP etching and LEEBI. Future work will require more in-depth studies and a range of numerical comparisons between results.
